The effects of charmed meson loops on the spectrum of charmonium are considered, with special attention paid to the levels above open-charm threshold. It is found that the coupling to charmed mesons generates a structure at the DD * threshold in the 1 ++ partial wave. The implications for the nature of the X(3872) state are discussed.
I. INTRODUCTION
The charmonium spectroscopy has again become a very interesting field. On one hand, the 2 1 S 0 η ′ c state was discovered by Belle [1] and confirmed by BABAR [2] and CLEO [3] , and the 1 1 P 1 h c was observed in Fermilab [4] and by CLEO [5] . The masses of these long missing states are in perfect agreement with the predictions of quark model. At the same time, a new state X(3872) was found by Belle [6] and CDF [7] .
This discovery has attracted much attention. As the state is just at the DD * threshold, it was immediately suggested [8] that it might be a DD * molecule bound by pion exchange ("deuson"), considered long ago in [9] and, much earlier, in [10] and [11] . This requires 1 ++ quantum numbers, and this assignment seems to be favoured by the data [12, 13, 14] . The discovery channel is π + π − J/ψ with dipion most probably originating from the ρ. Together with the observation of X in the ωJ/ψ channel [15] this opens fascinating possibilities for strong isospin violation, which is also along the lines of the deuson model.
Other options for X(3872) are under discussion in the literature, see e.g. [16, 17, 18, 19] .
The most obvious possibility of X being a cc state seems to be ruled out by its mass: the state is too high to be a 1D charmonium, and too low to be a 2P one [17] . This assumes that we do know the spectrum of higher charmonia, namely, the fine splittings and the role of coupling to D-meson pairs. It is the latter issue which is addressed in the present paper.
The mechanism of open-flavour strong decay is not well-understood. The simplest model for light-quark pair creation is the so-called 3 P 0 model, suggested many years ago [20] . It assumes that the pair is created with vacuum ( 3 P 0 ) quantum numbers uniformly in space.
The application of this model has a long history [21, 22, 23] . Systematic studies [24, 25] of the decays of light and strange quarkonia show that with a 3 P 0 -type amplitude calculated widths agree with data to within 25 − 40%. Recently the charmonia decays [26] and decays of D-and D s -mesons [27] were considered in the framework of the 3 P 0 model.
There exist also microscopic models of strong decays, which relate the pair-creation interaction to the interaction responsible for the formation of the spectrum, by constructing the current-current interaction due to confining force and one-gluon exchange. Among these is the Cornell model [28] which assumes that confinement has Lorentz vector nature. The model [29] assumes that the confining interaction is the scalar one, while one-gluon-exchange is, of course, Lorentz vector. Possible mechanisms of strong decays were studied in the framework of Field Correlator Method (FCM) [30] , and an effective 3 P 0 operator for open-flavour decay has emerged from this study, with the strength computed in terms of FCM parameters (string tension and gluonic correlation length).
Most of the above-mentioned papers are devoted to computing the widths, and only a few consider the effects of virtual hadronic loops on the spectra. The Cornell model [28] has presented a detailed analysis of charmonia with coupling to D-mesons taken into account.
The recent update [31] of the Cornell model has presented splittings caused by coupling to mesonic channels for 1D and 2P cc levels, confirming the previous result: X(3872) is well above the range of 1D levels and well below the range of 2P ones. The paper [32] has reported first results for hadronic shifts of lower charmonia due to mixing with D-meson pairs, calculated within the 3 P 0 model. The shifts appear to be alarmingly large.
Meanwhile, phenomenological coupled-channel models like [33, 34, 35, 36] accumulate experience on the possibilities to generate nontrivial effects due to the coupling to hadronic channels. As a recent example one should mention the analyses [37] of new D sJ states with masses considerably lower than quark model predictions, and coupling to mesonic channels being responsible for these anomalously low masses. It is interesting to note that the coupled-channel calculations performed in the framework of chiral Lagrangian approach [38] has arrived at the same conclusions.
In this paper the coupled-channel model for charmonia levels is presented, based on the nonrelativistic quark model for cc spectrum and 3 P 0 -type model for pair-creation. In
Section II the dynamics of coupled channels is briefly outlined. Section III introduces the quark model. Sections IV and V contain the results which are discussed in Section VI. The paper ends with a short summary.
II. DYNAMICS OF COUPLED CHANNELS
The details of coupled-channel model can be found e.g. in [28] , [39] . Here I review the essentials.
In what follows the simplest version of coupled-channel model is employed. Namely, it is assumed that the hadronic state is represented as
where the index α labels bare confined states |ψ α with the probability amplitude c α , and χ i is the wave function in the i-th two-meson channel |M 1 (i)M 2 (i) . The wave function |Ψ obeys the equationĤ
whereĤ c defines the discrete spectrum of bare states, withĤ c |ψ α = M α |ψ α . The part H M 1 M 2 includes only the free-meson Hamiltonian, so that the direct meson-meson interaction (e.g., due to t-or u-channel exchange forces) is neglected. The termV is responsible for dressing of the bare states.
Consider one bare state |ψ 0 (the generalization to multi-level case is straightforward).
The interaction part is given by the transition form factor f i (p),
where p i is the relative momentum in i-th mesonic channel. Then (2) leads to the system of coupled equations for c 0 (M) and χ i,M (p i ):
As shown in [41] , the normalization condition for the distribution w(M) follows from the completeness relation for the total wave function (1) projected onto bare state channel, and reads:
if the system possesses a bound state, and
if there is no bound state (m 01 + m 02 is the lowest threshold). In the case of bound state present, all the information on the factor Z is encoded, due to eq. (11), in the w(M) too.
On the other hand, the analysis in terms of w(M) can be performed in the case of resonance as well, as exemplified in [42] .
In the latter case the t-matrix poles are situated in the complex plane. While the positions of the poles are the fundamental quantities, another quantities are useful for practical purposes. Namely, one defines the visible resonance mass M R from the equation
and calculates the visible width as
Clearly this brings the t-matrix into Breit-Wigner form, i.e. in the form in which experimental data are usually delivered. In what follows the factor ℜ will be called the renormalization factor.
There are some limitations of course, as not the every peak has the Breit-Wigner shape.
In the case of overlapping resonances the formulae (13) and (14) do not work. The special case of near-threshold S-wave resonance is not described by Breit-Wigner or Flattè formula, and the scattering length parametrization is more appropriate [43] .
The quantities Z and w(M) are the ones of immediate relevance. Indeed, there is no hope that, say, the elastic DD scattering will be measured some time. 
where Γ 0r is the width of the bare state corresponding to the external reaction. Such formulae were used in [28] to describe the e + e − annihilation into charmed mesons. In the limit of narrow resonance eq. (15) is reduced to the standard Breit-Wigner formula
where Γ = 2Im g(M 0 ) is the (small) width of the resonance. Similarly, for the bound state case the width Γ r for a given reaction is renormalized as
III. THE QUARK MODEL
This section specifies the form factors f i (p). The pair-creation model employed is the 3 P 0 one, that is the pair-creation Hamiltonian is the nonrelativistic reduction of
for a given flavour q, but two important points make it different from the model used in [24, 25, 26] .
The approach [24, 25, 26] assumes that the pair creation is flavour-independent, which yields for the constant g q the form
where γ is the effective strength of pair-creation. The factor 2m q implies enhancement of strange quarks creation comparing to light quarks one. There are no fundamental reasons to have such enhancement. Moreover, such factor is absent in microscopical models of pair creation, like [28] and [29] . So, throughout the present study, I use the effective strength γ The authors of [24, 25, 26] 
m c is the mass of charmed quark. This Hamiltonian should be supplied by Fermi-Breittype relativistic corrections, including spin-spin, spin-orbit and tensor force, which cause splittings in the 2S+1 L J multiplets. In the first approximation these splitting should be calculated as perturbations, using the eigenfunctions of the Hamiltonian (20) . The same interaction V (r) should be used in spectra and wavefunction calculations of D (D s ) mesons.
In the first approximation the pair-creation amplitude is to be calculated with the eigenfunctions of the zero-order Hamiltonian. Use of the SHO wavefunctions simplify these calculations drastically. So the procedure adopted is to find the SHO wavefunctions (of the form exp (− I use the following set of potential model parameters:
The spin-dependent force is taken in the form
where L·S and T are spin-orbit and tensor operators correspondingly, and V HF is the contact hyperfine interaction,
where, following the lines of [26] , Gaussian-smearing of the hyperfine interaction is intro-
with κ = 1.45 GeV. The masses and effective values of oscillator parameters β for the model (21) One should not take the numbers given in last column too seriously, especially for higher states, as the fine splittings are not well-known, and the expression (22) is surely too naive.
Moreover, various much more sophisticated approaches, which reproduce the splittings in 1P multiplet, give different predictions for higher multiplets, as discussed in detail in [44] . All the physical charmonium masses below threshold are known. The hadronic shifts and bare masses were calculated from the equation 6, The results for bound states are given in Table II together with corresponding values of Z-factors. The shifts are much smaller than in [26] , but still substantial.
Let me now discuss the 1 3 D 1 level, lying above DD threshold. The bare mass is calculated to be 4.018 GeV. The calculated width of the ψ(3770) is 25.5 MeV, which compares well with the PDG value of 23.6 ± 2.7 MeV [45] . Note that it is the visible width, while naive calculations would give
So the effect of coupling to mesonic channels on the width of ψ(3770) is not small, ℜ = 0.743.
The mass of ψ(3770) is less than 100 MeV higher than the mass of ψ ′ (3686), with DD threshold opening in between, so one could in principle expect that these states are mixed due to coupling to mesonic channels. This mixing is not large in the given model, as Similarly,
for the mass 4.043 GeV of the bare 1 3 D 2 state. The 1 3 D 3 state is allowed to decay into DD, but the width is extremely small, as the DD system is in the F -wave:
V. 2P -LEVELS Coupled-channel effects do not cause dramatic changes for the charmonia states discussed in the previous section. The situation with 2P -levels promises more, as 2P -charmonia are expected to populate the mass range of 3.90−4.00 GeV, where more charmed meson channels start to open, and some of these channels are the S-wave ones.
The importance of S-wave channels follows from the eq.(5). The form factor f (p) of the S-wave mesonic channel behaves as some constant at small p, so the derivative of the hadronic shift g(M) with respect to the mass is large for the masses close to the S-wave threshold. As the result, hadronic shift due to the coupling to S-wave channel displays rather vivid cusp-like near-threshold behaviour.
The physical masses and widths of 2P states were calculated with bare masses given by the numbers one would say that nothing dramatic has happened due to S-wave thresholds.
Indeed, all the shifts are about 200 MeV, and the renormalization factors are about 0.5−0.6.
It is the behaviour of spectral density which reveals the role of S-wave thresholds.
For the 2 1 P 1 case the S-wave thresholds are DD * with the spin-orbit recoupling coefficient In the 2 1 P 1 case the S-wave strength is shared equally between DD * and D * D * channels, while for the 2 3 P 2 case all S-wave strength is concentrated in the D * D * , channel. As the result, the cusp due to the opening of D * D * channel is more spectacular in the 2 3 P 2 case, as shown at Fig.3 .
The case of 2 3 P 1 is even more interesting. Here, similarly to the 2 3 P 2 case, all the S-wave strength is concentrated in two channels, DD * , D sD * s , and the multiplicity of the former is 4. So the strongest S-wave threshold is the DD * one, well below the resonance. The behaviour of the 2 3 P 1 bare state spectral density is shown at Fig.4 , and is very peculiar: together with a clean and relatively narrow resonance, there is a near-threshold peak, rising at the flat background. The DD * scattering length appears to be negative and large,
signalling the presence of virtual state very close to the DD * threshold, with the energy ǫ = 0.32 MeV. So the coupling to mesonic channels has generated not only the resonance, but, in addition, a virtual state very close to physical region.
The near-threshold peak should fade with the increase of bare state mass, and strengthen otherwise. There are uncertainties in the fine splitting estimates, so the mass of the bare leads to incredibly large scattering length, a ≈ −17.8 fm, and virtual state with the energy 0.065 MeV. Further decrease of bare state mass leads to moving the state to the physical sheet, i.e. to appearance of the bound state. This happens at the bare mass of about 4.160
GeV, which seems, in the present model, to be beyond acceptable range for fine splitting.
Similarly, the bound state appears if the pair-creation strength is increased by several per cent. The 2 3 P 0 level is a disaster, as it always happens with scalars. The bare mass is considerably lower that the c.o.g., and the uncertainty in the fine splitting estimate is large.
The S-wave D * D * and D * sD * s channels are too high. The S-wave DD channel is too low. The only relevant S-wave channel is D sDs (C = 3 2 , multiplicity 1), and corresponding threshold is at 3.938 GeV, i.e. around the region where the resonance is expected. So, depending on the position of the bare state, variety of spectral density behaviour can be GeV is not resonance-like at all. The formal exercise of calculating the ℜ-factor and visible width does not make much sense, and, as suggested in [43] , such excitation curve should be analysed in terms of scattering length approximation, and not in terms of Breit-Wigner or Flattè distributions.
VI. DISCUSSION
The quark model (21) In various pair-creation models, the shifts within the each orbital multiplet are approximately the same, and differ only due to the mass difference of bare states in the multiplet and different masses of charmed mesons. This is model-independent, as the charmed quark is heavy, and the wavefunctions within each nL multiplet do not differ much. In addition, the shifts for all states are more or less the same. There are no a priori reasons for this, but the numbers given in Table II are stable up to overall multiplier γ as soon as the scales β behave as expected from quark model, and the value of γ is constrained by experimental value of the ψ(3770) width.
Indeed, the present results appear to be very similar to the ones given in [28, 31] . One might suggest that, from phenomenological point of view, the effect of coupling to mesonic channels can be approximated by adding a negative constant to the potential. But it is not the whole story, as the coupling to charmed mesons generates the admixture of Dmesons in the wavefunctions of bound states, which affects such quantities as e + e − widths (in accordance with eq17) and the rates of radiative transitions, as discussed in detail in [28] .
The e + e − widths of J/ψ and ψ ′ (3686) are more or less accurately described by Van RoyenWeisskopf formula with QCD correction, so the renormalization (17) is not harmless, even if it is as mild as 10 % reduction required for J/ψ by the results of It is reasonable to estimate the e + e − width of the ψ(3770) using the peak value of w S (M), which yields less than 1/3 of the measured value 0.26 ± 0.04 keV [45] . Similar result was obtained in [28] . The bare 1 3 D 1 state has the small e + e − width of its own as relativistic correction, and the bare 2 3 S 1 and 1 3 D 1 states are to be mixed by tensor force. The scale of the admixture required to reproduce the relatively large e + e − width of the ψ(3770) is not small, as shown in [46] . The coupling to charmed mesons is able to explain only about 1/3 of the observed e + e − width of ψ(3770), so direct mixing between bare 2 3 S 1 and 1
bare levels is still needed, which would reduce the e + e − width of the ψ ′ further. While the problem of leptonic widths is an open problem for coupled-channel model, it is clear that the values of Z-factors considerably smaller than given in Table II would destroy fragile agreement with the data on e + e − widths achieved by quark model practitioners. Due to the presence of S-wave thresholds, the situation with 2P -levels is more interesting.
The coupling to D * D * channels generates pronounced cusps in the spectral densities of bare 2 1 P 1 and 2 3 P 2 levels, and the coupling to DD * channel generates the strong threshold effect in the 1 ++ wave. Within the given model, it is a virtual state with the energy less than 1 MeV. The mechanism of generating such a state is quite peculiar: it is one and a same bare 2 3 P 1 state, which gives rise both to the 1 ++ resonance with the mass of about 3990
Mev, and a virtual state at the DD * threshold, i.e. where the X(3872) is observed. Due to the presence of strong S-wave threshold, the hadronic shift appears to be large enough to destroy the one-to-one correspondence between bare and physical states, as widely discussed in connection with light scalar mesons [34, 36] .
To what extent this prediction is robust? Changes of the underlying quark model parameters or of the value of pair-creation strength can shift this extra state either to the physical sheet or away from the physical region. In the latter case, however, the DD * scattering length remains large. One should have in mind that if such dynamical generation of extra state at DD * threshold is possible in the charmonia, the 1 ++ channel is the most appropriate place for this phenomenon. The latter statement is model independent.
First, note that the scalar charmonium does not decay into DD * at all, and the tensor one decays into DD * in the D-wave. As to 1 ++ and 1 +− levels, they both have the desired S-wave decay mode. Apply now the heavy quark spin selection rule [48] , which suggests that the spin of a heavy quark pair is conserved in the decay. The S-wave decay mode comes from the four-quark state ccqq with all relative angular momenta equal to zero. Then the total angular momentum J = 1 can result only from the quark spins. The combination of S cc = 1 and S= 1 is C-even, while the combination of S cc = 0 and S= 1 is C-odd. It is a simple algebra exercise to show that, symbolically,
and
and, independently of the pair-creation model, all the S-wave strength of the 3 P 1 decay is concentrated in the DD * channel, while in the 1 P 1 decay it is shared equally between DD * and D * D * . Thus the threshold attraction in the 1 ++ DD * channel is always much stronger than in the 1 +− one. It would be interesting to see if the pair-creation model of [28] is able to generate large DD * scattering length.
The model [49] contains the detailed analysis of the X(3872) as a state bound both by pion exchange and quark exchange in the form of transitions DD * → J/ψ ρ, J/ψ ω, with the latter contributions being important for the binding. In fact, this model has predicted the J/ψ ω decay mode of the X(3872), and, after observation [15] of the decay X(3872) → π + π − π 0 J/ψ, it has become almost official model of X(3872). This is challenged by preliminary data from Belle [14] on large D 0 D 0 π 0 rate, more than ten times larger than π + π − J/ψ one, while the model [49] claims the opposite.
One could question validity of the naive quark-exchange model. Besides, the pion exchange is definitely attractive in the 1 ++ channel, but there are uncertainties in the actual calculations; the details of binding depend on the cutoff scale Λ, as recognized in [49] . The attraction found in the coupled-channel model is large, and could help binding without large quark-exchange kernels, and, correspondingly, without large π + π − J/ψ rate.
From practical point of view, the wavefunctions of both models are not very distinguishable. Indeed, the near-threshold virtual state of the coupled-channel model owes its existence to the bare 1 ++ state, but the near-threshold admixture of the bare state in the wavefunc-tion is extremely small, as seen from Fig.4 (recall that the spectral density is normalized to unity). So the decays like DDπ and DDγ would proceed via D * decays, as described in [50] .
As to short-distance decays and exclusive production, the rates of these are governed by large scattering length. This phenomenon was called low-energy universality in [51] . Consider, for example, the near-threshold production of DD * pairs in the reaction B → DD * K.
As explained in Section II, the DD * invariant mass distribution is proportional to w(M) in the coupled channel model, with the lineshape plotted at Fig.5 . Now compare these curves with the ones presented in [52, 53] with the scattering length approximation for the DD * amplitude, and observe that the low-energy universality indeed takes place. and C, γ is the pair-creation strength, and r q = m q /(m c + m q ), m c is the mass of charmed quark, m q is the mass of light quark. The polynomial P LS is a channel-dependent one: 5) where C lS are spin-orbit recoupling coefficients for specific mesonic channels, and f l are: topologies which contribute to the 3 P 0 amplitude, and the sum of both is quoted in [24] , while in actual calculations each graph contributes with the individual flavour factor. In the case of charmonia transitions only one graph contributes, so that the amplitude for the transition into given charge channel is equal to (A.4) with the flavour factor of unity.
The mass difference between neutral and charged mesons is not taken into account, so the sum over charge states is equivalent to introducing the multiplicity factor 2 for DD and D * D * channels, and 4 for DD * channel. The multiplicity factor for D sDs and D * sD * s is 1, and it is 2 for D sD * s channel. Spin-orbit recoupling coefficients are tabulated in the Appendix A of [24] . In the single- 
